Abstract-This paper presents a new method for sensing and the quantification of the number of solid microparticles using surface acoustic wave (SAW) devices. In contrast to the standard mass loaded delay line approach, microcavities with varying geometrical shapes and sizes are formed between SAW interdigitated transducer pairs. The system operation relies on the resonance condition occurring inside the microcavity through the coupling of Rayleigh waves to the sample, and the output phase angle is used for obtaining measurement results. It is shown through measurements that it is possible to interact with polystyrene solid microbeads trapped inside the microcavity and extract information about the size of the sample. Furthermore, the number of microbeads placed in a single file along the microcavity width can be quantified using this platform. Experimental results are compared and verified with finite-element method simulations. In essence, this novel approach resulted in a platform capable of analyzing sample volumes less than 10 pL in a non-invasive manner. For size differentiation, experimental phase shifts of 0.14°± 0.05°, 0.81°± 0.26°, and 3.54°± 0.49°were obtained in rectangular microcavities for 10, 15, and 20 µm microbeads, respectively. On the other hand, a distribution of phase shifts as 0.51°± 0.19°, 0.98°± 0.12°, and 1.34°± 0.15°are obtained for counting one, two, or three microbeads, respectively. The proposed system was designed, simulated, fabricated, and tested successfully.
. Cross sectional view of the proposed system. of throughput, precision, cost efficiency, smaller overall system size, practicality, and small sample volumes. The small volume samples in question have usually been liquids due to their potential uses with microfluidics that have become ubiquitous in biomedical micro technology applications. There have been successful studies in the micro and nano scales on differentiating between different solutions and estimating their properties in electrical domain [1] . Some similar studies also provide methods for miniaturizing particle counters. For instance, micro-Coulter counters have been developed for counting latex beads [2] and human blood cells [3] .
On the other hand, some large scale systems, namely, acoustic microscopes have been used by researchers to gather data from single biological cells. These studies are based on the acoustic delay and reflection introduced by cells [4] . Basically, the acoustic properties of the volume taken up by the cells are compared to the medium they are suspended in to extract information. The acoustic waves have been in use at the small scale for decades as well. The high sensitivity of surface acoustic wave (SAW) devices to changes in mass, temperature, and other parameters are well documented. Consequently, SAW devices have been used as gas sensors [5] as well as pressure and temperature sensors [6] in the past. The current outlook on the technology shows capability of analysis at the micro scale with SAW devices and that it has a great potential to make an impact on the current field of sensors with possible applications in medicine and biosensing [7] .
Recently, a microsystem that, in essence, operates as a micro acoustic microscopy device has been proposed by Senveli and Tigli [8] . This system consisted of a microcavity etched at the center of an unapodized small aperture SAW delay line as shown with a cross section in Fig 1. The microcavity allowed for capturing a minute amount of sample in a well-defined geometry as well as direct interaction with surface waves for sensing purposes. The proposed system was then used for sensing of high viscosity liquids, specifically, glycerin percentage in mixtures with water [9] . It was also shown that the platform can be used as a means of 1530-437X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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distinguishing between different sizes of microbeads 1 captured in microcavities [10] . This study delves deeper into this novel method to inspect the limits of sensing using finite element analysis as well as demonstrate the capability of sensing multiple objects. The multiple objects in question are selected to have identical properties and sizes. For practicality, commonly available polystyrene microbeads are employed.
II. MODELING OF THE SYSTEM
Rayleigh wave coupling to liquids from piezoelectric substrates has been a common subject for acoustic manipulation studies in the recent literature. Rayleigh waves have an elliptical displacement profile with longitudinal and transverse components. The coupling to liquids occurs due to the transverse component, and causes compressional ultrasound waves to propagate inside the liquid. Maxwell fluid model is commonly used to define the behavior of viscous liquids within this context. This model can be visualized as a spring and dashpot connected in series to simulate viscoelastic response. The system has a single time constant or relaxation time (τ ) given as the viscosity (η) divided by high frequency shear modulus (μ). The relaxation time in relation to the angular frequency dictates the behavior of the material. For ωτ 1, the material cannot recover fast enough and acts more like a solid. On the other hand, when ωτ 1, the material exhibits the characteristics of a Newtonian liquid. Glycerin has been used in our studies before due to its miscibility with water and well formulated viscosity. The high frequency shear modulus of aqueous solutions of glycerin depends on the molar ratio of glycerin and is given by tabulated data [11] . Therefore, considering varying concentrations of glycerin as the viscous liquid, the Newtonian and solid-like regions can be outlined for various high frequencies as shown in Fig 2(a) . It is further shown in Fig 2(b) that the effective viscosity for most glycerin and water mixtures drop from the low frequency value with corner frequencies higher than 1 GHz except for very high glycerin concentrations. Therefore, at the frequency range of 197 MHz that is being used, the liquid is still in the Newtonian region, and the viscosity is modified by a very small correction factor.
In the proposed microsystem, these waves also propagate into the solid domain. A standard linear elastic solid model with an elasticity modulus (3 GPa), Poisson's ratio (0.35), and density (1050 kg/m 3 ) was used to model polystyrene microspheres. The main difference between the solid polystyrene and the liquid solution is the wave modes they can support. The liquid supports only longitudinal wave modes whereas solid media support longitudinal and shear waves in addition to others such as Rayleigh modes. The propagation characteristics depend on factors including material properties, the nature of excitation, and angle of incidence.
The operation principle is based on the coupling of acoustic waves between the sample and the piezoelectric substrate. 1 An earlier version of this paper has been presented at IEEE Sensors Conference 2014 in Valencia, Spain and published in its proceedings. The conference paper can be found here: http://ieeexplore.ieee.org/ xpls/abs_all.jsp?arnumber=698494 The Rayleigh waves induce compressional ultrasound waves in the sample which couple back to the substrate to form Rayleigh waves. The resonance condition inside the microcavity is then formed as a function of the acoustic impedance (Z aco ) of the sample. For solids this is dependent on the elasticity modulus, Poisson's ratio, and density, whereas for liquids this is determined by ultrasound velocity, viscosity, and density. The resultant Rayleigh wave is the superposition of the wave that is modified due to the presence of a microcavity and the wave that is coupling back from the liquid
where both the amplitude and the phase of the second source of waves are dependent on the acoustic impedance of the samples. Given the multiple domains and physics involved along with arbitrary geometries for which to solve these equations, finding meaningful analytical solutions for the given system is quite difficult. Finite element analysis (FEA) is seen to be the fastest and most reasonable method to obtain results in this case. Consequently, Fig 3 shows a 2D cross section of the simulation model and the mesh. The mesh is denser at the surface region where most of the wave energy is contained to increase accuracy for the simulations. The FEM simulation results are extracted in the frequency domain from piezoelectric ST-cut quartz substrates with 64 electrode pairs on input and output interdigitated transducers (IDTs). A representative displacement map with the microcavity and crystal direction is given in Fig 4. The surface waves in the substrate travel along the boundaries of the microcavity and excite ultrasound waves inside the liquid. There is no displacement at the top surface of the liquid domain as the longitudinal ultrasound waves are reflected through a soft boundary condition from the boundary with air. The ultrasound resonance inside the microcavity is evident in cross sectional views of the simulations as shown in Fig 4(b-c) . The wave motion is transferred to the microbead and back to the liquid domain.
As the path traveled by the acoustic waves is extended due to the presence of a microbead, a delayed component of the Another application possibility is to use this platform for counting or enumerating particles. For this purpose, microcavities with widths as large as SAW device apertures were considered. The polystyrene microbeads were placed in a single line order so that they do not interfere with the wave interactions of each other along the propagation path from the input IDT to the output IDT.
The same domains and physics were used for this set of simulations whereas the number of microbeads inside the microcavity is varied as shown in Fig 6 in 3D models of the system with the results given in Fig. 7 . It was seen that decreasing the microcavity depth allows for higher sensitivity for 10 μm microbeads. Even then the 5 μm microbeads are going to provide a challenge in experiments for two reasons: primarily because smaller microbeads have more space to move in the sensing region, and secondarily as the sensitivity is low and which make it difficult to distinguish data from noise in measurements.
Although the sensing mechanism of the proposed system relies on the mechanical interaction between the sample and the substrate, acoustoelectric coupling still has the potential to adversely affect the output. To estimate this effect on the output, FEM simulations were run. For these studies, the conductivity and dielectric permittivity of polystyrene microbeads and of glycerin solution as a function of concentration were taken from literature [12] , [13] . The results show the maximum phase change over the passband to be less than ±0.06°where microbead size is varied from 5 μm to 20 μm. Therefore, the mechanical effects dominate the output and the effect of acoustoelectric coupling is minimal. This is an expected result from a quartz substrate as well, since the electromechanical coupling coefficient of quartz is quite small in comparison to substrates such as lithium niobate [5] .
III. MICROFABRICATION
The substrate of choice has been ST-cut quartz due its machinability for etching microcavities with a high precision. Samples were first cleaned in acetone for 30 minutes by immersion in an ultrasonic bath. Dehydration of the samples was carried out at 150°C for 30 minutes in nitrogen atmosphere followed by 0.8 μm thick aluminum deposition in an e-beam evaporator. After lithography of microcavity patterns with a positive photoresist, etching of aluminum was carried out with a commercially available etchant. The aluminum layer serves as a hard mask for reactive ion etching (RIE) of quartz. RIE was carried out at 180 mT pressure and 200 W RF power with a CF 4 /O 2 plasma in a simple two electrode RIE system. The microcavity process was completed with wet removal of the aluminum mask with the same etching solution as before.
For precise patterning of the IDTs, lift-off process was preferred. A stack of underlying LOR2A photoresist and negative mode 1.5 μm thick AZ5214E photoresist was patterned prior to 150 nm aluminum deposition in an e-beam evaporator. The substrate was carefully aligned to the piezoelectric x-axis in this step. After deposition, samples were soaked in remover-pg for 90 minutes followed by ultrasonic bath for 2 minutes to pattern the metal electrodes and cleaned. Microfabrication steps are shown in Fig 8. Atomic force microscopy (AFM) results obtained in tapping mode not presented here show that the substrate surface was smooth up to an average roughness of ∼3 nm in 15 μm × 15 μm sample regions. This measurement carried out after the microcavity etching process shows the surface is not damaged with the hard mask method and is ideal for SAW propagation. The depths of the microcavities were measured as 12.5 ± 0.3 μm, 7.9 ± 0.2 μm, and 3.9 ± 0.2 μm using a contact mode surface profiler from seven data points each. SEM images of successfully fabricated devices are given in Fig 9. The microcavity bottom surfaces were treated with both SF 6 plasma and concentrated BHF on separate samples in order to reduce surface roughness after fabrication. The SF 6 method resulted in no significant change in surface 
IV. EXPERIMENTS
The dispensation of microparticles into microcavities has been accomplished with regular DC measurement probes made of tungsten. These probes have a tip size of 5 μm and are controlled by micropositioners on a probe station stabilized with an air table. The glycerin/water mixtures used in the experiments attain a contact angle of ∼35°on quartz provided that the glycerin concentration is greater than 10%. This enables the possibility of manipulating droplets with probes without issues. The dispensation process has been illustrated in Fig 10. The glycerin content also causes the small droplet to evaporate very slowly, so that evaporation does not affect the measurement process. In order to prepare the microbeads for dispensation, stock suspension used for storing the microbeads was first spun down using a centrifuge machine into a pellet, and the original medium containing water with sodium azide was aspirated. Then the microbeads were resuspended in 90% glycerin in deionized water. The mixture was vortexed for 2 minutes and treated in an ultrasonic bath for 30 minutes to attain homogeneity.
Measurements were taken with an Agilent E5061-B vector network analyzer hooked up to an RF probe station as shown in Fig 11. Two comparative measurements were taken in each case for calculation of the phase shift, that is, one measurement with only the liquid filling the microcavity but without microbeads and one measurement with liquid and microbeads. Data were calculated by averaging four measurements for a given device using different beads from the same batch meaning no microbeads or device was used multiple times. Tested devices incorporate 64 electrode pairs on both input and output IDTs, apertures of 2λ and 3λ, operate at a wavelength (λ) of 16 μm with a peak passband frequency of 196.8 MHz. The IDTs are unapodized and the metallization ratio is unity. The main microcavity geometries are rectangular with dimensions of 1.5λ×1λ and 2λ × λ with depths of 0.5λ and 0.25λ. The maximum sample volume was less than 10 pL in all cases.
Experimental phase shifts of 0.14°±0.05°, 0.81°±0.26°, and 3.54°±0.49°were obtained in rectangular microcavities for 10 μm, 15 μm, and 20 μm microbeads, respectively, as shown in Fig. 12 . Due to the larger inaccuracy of placement of smaller microbeads inside microcavities, relative error over measurements was observed to be larger as microparticle size decreases.
Counting or quantification of microparticles was the other interesting concept explored during the experiments. This study was carried out for 10 μm and 5 μm beads in microcavities of various dimensions. Fig 13 shows 10 μm microbeads placed roughly in a single file order using the micromanipulators and the results obtained. The best results for counting these 10 μm microbeads were obtained from microcavities with dimensions of 32 × 16 × 8 μm with phase shifts of 0.51°±0.19°, 0.98°±0.12°, and 1.34°±0.15°f or counting one, two, and three microbeads, respectively. The motivation behind choosing the microcavity dimensions arises from finite element analysis results which show that certain microcavity depth and dimensions dictate higher sensitivity. The portion of microbead that is not covered by the medium is of utmost importance as it makes a large difference in terms of the path traveled by the acoustic wave. In this case, 8 μm deep microcavities increased the phase sensitivity for 10 μm microbeads to more than double its initial value given for the size differentiation studies.
The results obtained from these microcavities were also compared to microcavities of same lateral dimensions but with a smaller depth and with the same depth but larger length. These studies as outlined in Fig 14 show that shallower microcavities result in a more limited contact with the microbead in practice. Thus, the use of too shallow microcavities results in smaller phase shifts. On the other hand, increased length in the propagation direction of the SAW bring about larger relative errors and smaller shifts compared to the 32 × 16 × 8 μm microcavities.
The dimensions also set a lower limit for the size of microparticle detectable using the microcavity considering the uncertainty in the data. Although microbeads larger than microcavities (such as 20 μm beads in 12 μm deep microcavities) result in the highest phase shifts due to larger displacement of medium inside the microcavity, quantification and particle counting require multiple microparticles inside the sensing zone. On the other hand, 5 μm beads proved too small compared to the lateral dimensions of microcavities as shown in Fig 15. These results point to the fact that microbead size should be similar to the microcavity dimensions for optimum quantification efficiency. Also, their smaller sizes in comparison to microcavities result in a large deviation and show little correlation experimentally.
Overall, counting results show that it is possible to enumerate beads if the microbead size is similar to microcavity depth. The measurement results generally show lower sensitivities than the finite element study results; however, exhibit the same characteristics. This can be attributed to differences in material constants used in simulations as well as variations in particle locations during measurements.
In simulations, the particles are precisely ordered in the sensing region; however, in the experiments there are large variations in the particle placement. Ordering them very accurately inside microcavities is not easy using the probes as explained in Fig 10 and the deviation from their simulated locations is accepted as part of the data to evaluate the robustness of the system. A deviation was observed in the collected data which was large especially for 5 μm microbeads. The microbead placement is the biggest problem for the no microcavity case which was presented in Fig 15. When the microbeads were dispensed directly on the delay line without the microcavity, the sample volume is not consistent and gives rise to ambiguous readings even though the overall phase response is larger. The microbeads are usually not in a single file order and the hemispherical shape of the droplet changes for every measurement along with the total volume of the solution. The proposed concept of using the microcavity resolves this problem by restricting the sample to a certain volume and shape.
The uncertainty of readings due to sample placement was also investigated. For these tests, the same 10 μm microbead was placed in different arbitrary locations in the same 32 × 16 × 8 μm microcavity eight different times to calculate the standard deviation. These measurements yielded a phase uncertainty of ±0.28 degrees. The placement of the microbeads was more randomized and extreme than the other measurements in this case to test the system limits.
V. CONCLUSION
In this study, it was shown that the proposed platform equipped with a 2-port Rayleigh-mode SAW device and microcavity is capable of differentiating between the sizes as well as the numbers of identical polystyrene particles suspended and trapped in identical media.
In terms of particle differentiation, phase shifts of 0.14°±0.05°, 0.81°±0.26°, and 3.54°±0.49°were obtained in rectangular microcavities for 10 μm, 15 μm, and 20 μm polystyrene particles, respectively. For particle counting purposes, highest sensitivity was obtained where 10 μm microbeads were successfully quantified with 0.51°±0.19°, 0.98°±0.12°, and 1.34°±0.15°phase shift data collected for respectively increasing number of polystyrene microbeads. Counting effort for 5 μm particles show insufficient correlation and point to the fact that smaller microcavities are needed for smaller particles of this size, as supported by finite element analysis. It was also shown that the presence of microcavities helps keep the microbeads in an organized fashion and facilitate consistent measurements.
The current state of the platform shows promise towards other applications with materials of the similar dimensions as evidenced by both the simulations and measurement results. The next possible application is projected as biological cells.
